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ϩ influx across the plasma membrane is a major component of mesangial cell (MC) response to vasoconstrictors. Polycystin 2 (PC2), the protein product of the gene mutated in type 2 autosomal dominant polycystic kidney disease, has been shown to function as a nonselective cation channel in a variety of cell types. The present study was performed to test the hypothesis that PC2 and its binding partners constitute a Ca 2ϩ -permeable channel and contribute to ANG IIinduced Ca 2ϩ signaling in MCs. Western blot and immunocytochemistry showed PC2 expression in cultured human MCs. The existence of PC2 in MCs was further confirmed by immunohistochemsitry in rat kidney sections. Coimmunoprecipitation displayed a selective interaction of PC2 with canonical transient receptor potential (TRPC) proteins TRPC1 and TRPC4. Cell-attached patch-clamp experiments revealed that ANG II-induced membrane currents were enhanced by overexpression of pkd2 but significantly inhibited by knock down of pkd2, 30 M Gd 3ϩ (a PC2 channel blocker), and dominant-negative pkd2 mutant (pkd2-D511V). Corresponding to the increase in channel currents, ANG II stimulation increased expression of PC2 on the cell surface of MCs and interaction with TRPC1 and TRPC4. Furthermore, ANG II-induced MC contraction was significantly reduced in pkd2-knocked down MCs. These data suggest that PC2 selectively assembles with TRPC1 and TRPC4 to form channel complexes mediating ANG II-induced Ca 2ϩ responses in MCs.
calcium channel GLOMERULAR MESANGIAL CELLS (MCs) are contractile cells that surround the glomerular capillaries of the kidney and regulate glomerular filtration rate by altering the surface area of the capillaries (24, 43) . Ca 2ϩ influx across the plasma membrane is critical for MC contraction in response to vasoactive peptides. A variety of ion channels contribute directly or indirectly to Ca 2ϩ signaling in MCs and therefore regulate the contractile function of the cells. These include Ca 2ϩ -activated Cl Ϫ channels, volume-regulated Cl Ϫ channels, nonselective cation channels (NSCC), voltage-operated Ca 2ϩ channels, receptor-operated Ca 2ϩ channels, store-operated Ca 2ϩ channels, and K ϩ channels (primarily Ca 2ϩ -activated K ϩ channel) (20) . Despite intensive studies over past decades, the molecular entity of most Ca 2ϩ -conductive channels in MCs remains unclear. Our group (4, 42) recently found that selective members of the canonical transient receptor potential (TRPC) protein family were expressed in MCs and that some of these participated in agonist-stimulated Ca 2ϩ entry, suggesting that specific TRPC proteins might be candidates for Ca 2ϩ -permeable channels in MCs. However, it is unknown whether there are any additional molecular candidates for these channels or whether the TRPC proteins require binding partners to form functional channels.
Polycystin 2 (PC2), a protein product of pkd2 gene mutation that causes autosomal dominant polycystic kidney disease (ADPKD), is an integral membrane protein sharing predicted membrane topology with TRPC channels (26, 27) . Recent studies have demonstrated that PC2 functions as a Ca 2ϩ -permeable channel that mediates Ca 2ϩ influxes in the plasma membrane (7, 10, 18, 48) and in the membrane of the endoplasmic reticulum (ER) (16) and primary cilia (28, 30, 41) . We recently found that PC2 was a plasma membrane Ca 2ϩ channel linked to receptor tyrosine kinase-phospholipase C signaling pathway in the epithelial cells of the renal proximal tubule (19) . Studies in vascular smooth muscle cells from wild-type and pkd2 ϩ/Ϫ mice demonstrated that PC2-mediated Ca 2ϩ signaling played an important role in proliferation and contraction of vascular smooth muscle cells (14, 36, 37) . Because MCs are biophysically and phenotypically similar to vascular smooth muscle cells, we speculated that the PC2 channel might also participate in a Ca 2ϩ response on agonist stimulation in glomerular MCs. In addition, previous studies revealed that PC2 required other membrane-associated proteins, such as PC1 or TRPC1, to form protein complexes for its channel function (10, 28, 30, 31, 46) . In the present study, we further examined whether PC2 had any physical interactions with endogenous TRPC proteins in MCs in the present study. Our results indicate that PC2 protein was endogenously expressed in glomerular MCs and participated in agonist-stimulated Ca 2ϩ entry and contraction of MCs. The PC2-involved channel might include two additional components, TRPC1 and TRPC4.
MATERIALS AND METHODS

MC culture and transient transfection.
Human MCs were purchased from Cambrex. MCs were subcultured to no more than 10 generations by standard methods (21) . All plasmids were transiently transfected into MCs using Lipofectamine and Plus reagents (Invitrogen-BRL, Carlsbad, CA), following the protocols provided by the manufacturer.
Patch-clamp procedure. Conventional cell-attached voltage clamp was employed as described in our previous study (4) . Single-channel analysis was made with a Warner PC-505B amplifier (Warner Instrument, Hamden, CT) and pCLAMP 9.2 (Axon Instruments, Foster City, CA). The extracellular solution contained (in mM) 135 NaCl, 5 KCl, 10 HEPES, 2 MgCl 2, and 1 CaCl2. The pipette solution contained (in mM) 140 NaCl, 0. ]i) in MCs were performed using fura 2 dual-excitation wavelength fluorescence microscopy. MCs, grown on coverslips (22 ϫ 22 mm), were loaded with fura 2 by incubation for ϳ50 min at room temperature in the dark in physiological saline solution containing 2 M acetoxymethyl ester of fura 2 (fura 2-AM), 0.09 g/dl DMSO, and 0.018 g/dl Pluronic F-127 (Molecular Probes, Eugene, OR) followed by washing three times with physiological saline solution. The cells were then incubated with fura 2-free physiological saline solution for an additional ϳ20 min. The coverslip was then placed in a perfusion chamber (model RC-2OH; Warner) and mounted on the stage of a Nikon Diaphot inverted microscope. Fura 2 fluorescence was monitored by a ratio technique (excitation at 340 and 380 nm, emission at 510 nm) using Metafluor software (Universal Imaging, West Chester, PA).
Immunoprecipitation and immunoblotting. Cell monolayers were collected with PBS and then lysed in 1% Triton X-100 buffer containing (in mM) 150 NaCl, 10 Tris ⅐ HCl (pH 7.5), 1 EGTA, 0.2 sodium orthovanadate, 0.2 phenylmethylsulfonyl fluoride, 0.5% Nonidet P-40, aprotinin (1 g/ml), pepstatin (1 g/ml), and proteinase inhibitor cocktail (Roche Applied Science, Indianapolis, IN) followed by centrifugation at 6,000 g for 15 min at 4°C. For coimmunoprecipitation (co-IP) experiments, the cell lysates were incubated for 2 h with the primary antibody indicated, followed by immunoprecipitation (IP) for 1 h with 30-l slurry of protein G or A (Amersham Biosciences, Piscataway, NJ) in 50 mM Tris ⅐ HCl. Immunocomplexes were then washed five times in lysis buffer. The cell lysates (without precipitation, for inputs) and immunoprecipitates (for co-IP) were analyzed by Western blot.
For immunoblotting experiments, all samples were fractionated by 10% SDS-PAGE, transferred to PVDF membranes, and probed with the indicated primary antibodies. Bound antibodies were visualized with Super Signal West Femto luminol/enhancer solution (Pierce Biotechnology, Rockford, IL) using AlphaEase FC imaging system (Alpha Innotechnology).
Biotinylation assays. When cell monolayers were 80% confluent, the cells were washed twice with PBS and then scraped in 1 ml of PBS (per 10-cm plate). The cell suspension was centrifuged at 6,000 g for 15 min at 4°C, and the pellet was resuspended with 1 ml of PBS and biotinylated with 0.05 mg/ml of sulfo-NHS-SS-biotin (Pierce) for 30 min at room temperature. After centrifugation at 6,000 g for 15 min at 4°C, the pellet was washed three times with PBS and then lysed in 1 ml of lysis buffer. The cell lysates were then centrifuged at 21,000 g for 15 min at 4°C. Lysates (300 l) were saved for immunoblotting. Supernatants (700 l) were mixed with 300 l of lysis buffer (total volume: 1 ml) and then incubated with 30 l of slurry of immobilized streptavidin beads (Pierce) for 1 h with shaking. The beads were spun down and washed two times with lysis buffer. The biotinylated samples were then analyzed by Western blot. Fluorescent immunocytochemistry. MCs were plated on 22 ϫ 22 ϫ1-mm coverslips, fixed with ice-cold acetone/methanol, and permeabilized with 0.2% Triton X-100. The cells were then incubated with blocking buffer (2% heat-inactivated goat serum and 0.2% Triton X-100 in PBS) overnight at 4°C, followed by incubation with PC2 antibody or control rabbit IgG for 1 h at room temperature. The cells were then incubated with secondary antibodies (goat anti-rabbit conjugated with Alexa Fluor 488; Molecular Probes) for 1 h at room temperature. Cells were washed three times with PBS and processed for confocal microscopy using a confocal laser scanning microscope (Zeiss LSM410).
Fluorescent immunohistochemistry. Fluorescent immunohistochemistry was performed as described in our previous publication (42) . All animals were treated according to guidelines approved by the Institutional Animal Care and Use Committee of the University of North Texas Health Science Center. In brief, adult male Sprague-Dawley rats (weighing 200 -250 g) were anesthetized with an intraperitoneal injection of pentobarbital sodium (50 mg/kg body wt). Kidneys were perfused with physiological saline solution via a catheter inserted into the abdominal aorta followed by 4% paraformaldehyde and then excised from the animals. The kidneys were fixed in 2% paraformaldehyde in K ϩ -free PBS over 2 h at 4°C, immersed in 30% sucrose overnight at 4°C, and cryosectioned at 5-m thickness (Cryostat 2800 Frigocut-E; Leica Instruments). The sections were washed with K ϩ -free PBS and treated with blocking buffer containing 50 mM NH4Cl, 2% BSA, and 0.05% saponin in K ϩ -free PBS for 20 min at room temperature for permeabilization. The sections were then incubated overnight at 4°C in blocking buffer containing rabbit polyclonal anti-PC2 antibody. To label glomerular MCs, we also incubated the sections with mouse monoclonal anti-Thy1.1 (OX-7) antibody overnight at 4°C. The concentrations for both primary antibodies were 5 g/ml. The sections were rinsed and incubated for 30 min at room temperature with Alexa Fluor 488 goat anti-rabbit IgG and Alexa Fluor 568 goat anti-mouse IgG (Molecular Probes). The concentrations of the secondary antibodies were 2 g/ml. In control slides, equal amounts of rabbit IgG or mouse IgG without immunoreactivity were used instead of the primary antibodies. All stainings were visualized under confocal laser scanning microscopy (Zeiss LSM410).
MC contractility assay. ANG II-induced MC contraction was measured by changes in planar surface area as described in our previous publication (4) . In brief, MCs were visualized under an inverted fluorescent microscope (Nikon TE-2000S, upgraded). The perfusates were heated through an inline heater, and the temperature was controlled by an automatic temperature controller (TC-324B; World Precision Instruments, Sarasota, FL). Changes in the planar surface area of MCs in response to ANG II were monitored at 37°C with 95% O2-5% CO2 gassing. With the use of a digital camera, images of the same cells were captured serially every 5 min for 30 min. The perimeters of individual cells with clearly defined borders were outlined, and the planar surface areas were calculated with ImageJ software (National Institutes of Health).
Materials. Inactivating constructs directing the expression of short hairpin RNAs specific for human pkd2 (designated as shRNA-pkd2) were generated as described previously (19) . The pkd2 expression plasmids (human hemagglutinin-pkd2), mouse monoclonal 1F1 TRPC1 antibody, and rabbit polyclonal PC2 antibody were obtained from Dr. Leonidas Tsiokas (University of Oklahoma Health Sciences Center, Oklahoma City, OK). The other primary antibodies and all chemicals were purchased from Sigma-Aldrich (St. Louis, MO).
Statistical analysis. In all immunoblot experiments, at least three independent experiments were performed for each group. Data are reported as means Ϯ SE. One-way ANOVA and Student-NewmanKeuls test, Student's unpaired t-test, or Student's paired t-test were used to analyze the differences among multiple groups, between two groups, and before and after treatment in the same group, respectively. P Ͻ 0.05 was considered statistically significant. Statistical analysis was performed with SigmaStat (Jandel Scientific, San Rafael, CA).
RESULTS
Expression of endogenous PC2 protein in MCs.
Western blot and immunofluorescence staining were performed to detect the presence of PC2 protein in glomeruli and glomerular MCs using a well-characterized PC2 antibody (19, 40) . Figure  1A shows immunoblots in rat glomerular extracts and lysates of cultured human MCs. These bands were ϳ110 kDa and the same size as the PC2 band indicated in pkd2-transfected human embryonic kidney (HEK)-293T cells. The specificity of the PC2 band in transfected HEK-293T cells was verified by inhibition of the protein expression by cotransfecting RNAi plasmids (shRNA-pkd2) that produced shRNAs specifically targeting human and porcine pkd2 (Fig. 1A, right) . The amounts of native PC2 in glomeruli or glomerular MCs appear to be compatible with those in inner medullary collecting duct cells in which PC2 is highly expressed (18) . This observation was further confirmed by fluorescence immunocytochemistry, which showed a punctuate pattern of staining in PC2 antibodyincubated MCs but not in control rabbit IgG-incubated MCs (Fig. 1B) . It appears that the intracellular PC2 immunofluorescence aligned in tracks radiating out from the perinuclear region of MCs reminiscent of cargo transport via the tubulovesicular pathway.
Immunohistochemistry was performed to further detect PC2 expression in glomerular MCs in vivo. In rat kidney sections, glomeruli were easily distinguished by their characteristic circular morphological aspect bordered by peripheral lumen. As shown in Fig. 2A , glomerular MCs were identified by red signals (left) and probed with an antibody against Thy1.1 (OX-7), a MC marker. PC2 protein was labeled with green signals (Fig. 2A, middle) . Yellow signals in the merged image ( Fig. 2A, right) indicate localization of PC2 protein in MCs. The PC2 stainings were also found in the regions that were not stained by OX-7 antibody, suggesting that PC2 protein might also reside in other types of glomerular cells. However, these signals were not seen in control experiments (Fig. 2B) , suggesting a specificity of the stainings.
PC2 mediated ANG II-stimulated membrane currents in MCs. Because PC2 protein was highly expressed in MCs, we then wanted to know its function in this type of glomerular cell. PC2 has been demonstrated to be a Ca 2ϩ -permeable channel in renal tubular epithelial cells and vascular smooth muscle cells (7, 10, 16, 18, 19, 28, 30, 41, 48) . We speculated that PC2 might also function as a plasma membrane channel mediating agonist-stimulated ionic responses in MC. To test this, we performed cell-attached patch-clamp experiments in cultured human MCs to examine the effects of PC2 expression levels on ANG II-induced single-channel currents. PC2 was downregulated by transient transfection with RNAi plasmids (shRNApkd2) that produced shRNAs specifically targeting human and porcine pkd2. Upregulation of PC2 was achieved by transient transfection with human hemagglutinin-pkd2. Consistent with our previous report (19) , both constructs successfully changed the expression levels of PC2 (Fig. 1A, right) . Green fluorescent protein expression plasmids were cotransfected with these constructs or pUB vectors (for mock control) at 10-fold less for identification of successfully transfected cells. As shown in Fig. 3, A and B, ANG II (1 M) significantly increased channel activity in mock-transfected cells. NP O of the observed channels was raised from 0.047 Ϯ 0.017 at resting state to 0.135 Ϯ 0.048 ϳ5 min after ANG II treatment, representing an increase of ϳ187 Ϯ 42.8% (P Ͻ 0.05). This ANG II-evoked channel activation was significantly enhanced by overexpression of PC2, indicated by a rise of NP O from 0.114 Ϯ 0.015 to 0.688 Ϯ 0.095, representing an increase of ϳ542 Ϯ 60.1% (P Ͻ 0.05, compared with mock). However, in pkd2-knocked down cells, ANG II was not able to produce significant channel activation. The NP O slightly increased from 0.022 Ϯ 0.007 to 0.038 Ϯ 0.012 in response to ANG II (P Ͼ 0.05), representing an increase of ϳ70.8 Ϯ 10.3% (P Ͻ 0.05, compared with mock). Moreover, the basal channel activity was also significantly elevated in pkd2-overexpressing cells and inhibited in pkd2-knocked down cells, suggesting that PC2 not only participated in agonist-stimulated responses but also contributed to tonic channel activity in MCs.
We also plotted current-voltage relationships within the range from Ϫ80 to Ϫ20 mV of command potentials (currents at the command potentials more positive than Ϫ20 mV were indiscernible) in mock control MCs to estimate the biophysical features of the ANG II-sensitive channels (Fig. 3C) . Because the resting membrane potential of the MCs was unknown, the membrane potentials were expressed as negative pipette potentials (ϪV p ). The calculated single-channel conductance was ϳ28.3 pS. The extrapolated linear current-voltage relationships revealed that the currents were reversed at ϪV p of 32 mV.
The ANG II-induced channel activity in MCs was also significantly inhibited by 30 M Gd 3ϩ (Fig. 4A) , a known inhibitor of NSCC (PC2 is a NSCC) (7).
To provide additional evidence that PC2 mediated ANG II-induced currents and whether channel activity rather than a scaffolding role for PC2 was essential for ANG II-induced conductance, we measured the ANG II response in MCs that were transiently transfected with pkd2-D511V (Fig. 4C) . It has been known that pkd2-D511V is a pathogenic mutant (39) and maintains the homodimerization domain of PC2 (47) . We reasoned that it should function as a dominant-negative allele if endogenous PC2 mediated ANG II-induced currents. Consistent with our prediction, ANG II failed to induce a significant response in these transfected cells (Fig. 4B) ] i that is attributed to Ca 2ϩ influx (21) (Fig. 5, A-C) . Overexpression or knockdown of pkd2 did not alter the profile of the ANG II-induced Ca 2ϩ responses. However, the ANG II-stimulated Ca 2ϩ entry in response to Ca 2ϩ readdition was significantly inhibited by knockdown of pkd2 (Fig. 5, C and D) and enhanced by overexpression of pkd2 (Fig. 5, B and D) . The changes in Ca 2ϩ entry were not due to changes in ANG II-induced Ca 2ϩ release from ER because the initial Ca 2ϩ transients were comparable among mock control and other treated cells (Fig. 5, A-C) . Thus the Ca 2ϩ imaging data suggested that the PC2 channel was involved in an ANG II Ca 2ϩ signaling pathway in MCs. ANG II stimulation promoted the interaction between PC2 and TRPC proteins. Previous studies revealed that PC2 required other membrane-associated proteins, such as PC1 or TRPC1, to form protein complexes for its channel function (3, 10, 28, 30, 31, 46) . We reasoned that, in native MCs, endogenous PC2 might require binding partners to form functional channels. Our previous study has demonstrated that MCs selectively express TRPC1, -3, -4, and -6 (42), all of which have structural similarity to PC2. Further studies revealed that some isoforms of the TRPC proteins also participated in ANG II-induced Ca 2ϩ signaling (4, 8). Thus we examined whether these TRPC proteins were components of PC2 channel com- plexes and whether ANG II stimulation influenced the formation of the PC2-TRPC heteromultimers. co-IP was performed to detect the interaction between PC2 and each endogenous TRPC isoform in MCs. As shown in Fig. 6 , A and C, IP of PC2 pulled down TRPC1 and TRPC4 (Fig. 6A) but not TRPC3 and TRPC6 (Fig. 6C) . It appeared that PC2 had a stronger interaction with TRPC4 than with TRPC1 at the resting state (Fig.  6, A and B) . Interestingly, the PC2-TRPC1 and PC2-TRPC4 interactions were significantly promoted by ANG II stimulation. After a 4-min treatment with ANG II, PC2-TRPC1 and PC2-TRPC4 interactions were increased by approximately sixand threefold, respectively (Fig. 6B) . This biochemical evidence strongly indicated that agonist stimulation enhanced the interaction between PC2 and both TRPC1 and TRPC4 in MCs.
ANG II stimulation triggered plasma membrane translocation of PC2. It has been demonstrated that PC2 predominantly resides in intracellular compartments (16) . Our immunocytochemistry data also displayed a major intracellular distribution of PC2. The intracellular PC2 staining showed a pattern similar to that of cargo transport via the tubulovesicular pathway (Fig.  1B) . Thus we hypothesized that ANG II might trigger translocation of PC2 to the plasma membrane and the newly recruited PC2 bound to existing TRPC1 and TRPC4 to form additional functional channels. To test this hypothesis, we examined the membrane translocation of PC2 responding to ANG II treatment using a nonmembrane permeant agent (sulfo-NHS-SSbiotin) that biotinylates surface proteins and precipitated the proteins with avidin-linked streptavidin beads. As shown in Fig. 7 , the expression of biotinylated PC2 protein was significantly increased in the cells treated with ANG II for 4 min (Fig. 7, top) . The enrichment of cell membrane proteins in the biotinylated fractions and equal amounts of loaded proteins in different samples were confirmed by reprobing the blots with anti-integrin ␤ 1 -antibody, a membrane marker (Fig. 7, middle) . The biotinylated membrane fraction was not contaminated by nonplasma membrane proteins because calnexin, an ER protein, was not detected in the biotinylated fractions but was clearly detected in corresponding cell lysates (without biotinylation; Fig. 7, bottom) . These data suggested that ANG II stimulated migration of intracellular PC2 to the cell surface.
PC2 contributed to contractile function of MCs. To determine the physiological relevance of the PC2 channel in MCs, we evaluated the role of PC2 in agonist-stimulated contraction of MCs by measuring the changes in planar surface area of MCs in response to ANG II. This contractility assay was carried out in MCs cotransfected with green fluorescent protein and pUB vector (mock control) or shRNA-pkd2 (knockdown of pkd2). Transfected cells were identified with green fluorescence. Changes in the planar surface area of green cells in response to 1 M ANG II were monitored at 37°C and 95% O 2 -5% CO 2 . As shown in Fig. 8 , ANG II treatment for 15 min decreased the surface area of control MCs by 32.2 Ϯ 4.1%. However, this contractile response was reduced in MCs with knock down of pkd2 (10.8 Ϯ 3.1%; P Ͻ 0.05, compared with Mock). These results suggested that PC2 contributed, at least partially, to the agonist-induced contraction of MCs.
DISCUSSION
In addition to well-known L-type voltage-gated Ca 2ϩ channels, several other types of Ca 2ϩ -permeable channels also contribute to Ca 2ϩ signaling in MCs. These channels include the NSCC, receptor-operated Ca 2ϩ channel, and store-operated Ca 2ϩ channel (20) . Physiologically, activation of these channels is linked to activation of the phospholipase C pathway by G-protein-coupled receptors or receptor tyrosine kinases. De- spite intensive studies over the past decades, the molecular entity of these channels still remains undefined. The present study provided evidence that PC2 protein might be a functional subunit of one of these channels. The calculated single-channel conductance of the PC2-associated channel (Fig. 3C) was consistent with characteristics of NSCC described in rat MCs (17, 23) . Also, the PC2-mediated currents were reversed at 32 mV of ϪV p (Fig. 3C) . With the consideration that intracellular K ϩ concentration in MCs is ϳ120 mM and that the resting membrane potential of MCs is estimated at about Ϫ40 mV (12, 17, 23) , the reversal membrane potential for the PC2-dependent channel was estimated to be near zero, consistent with the property of NSCC (17, 23) .
Like TRPC channel proteins, PC2 requires other membraneassociated proteins for its channel function. The known binding partners of PC2 include PC1 and TRPC1 (10, 28, 30, 31, 46) . In the present study, we found that PC2 had physical interactions with TRPC1 and TRPC4 (Fig. 6, A and B) , both of which are endogenous proteins in MCs (4, 42) . Interestingly, we previously demonstrated that TRPC1 participated in ANG II-stimulated Ca 2ϩ influxes in human MCs (4). Wang et al. (50) recently reported that TRPC4 might be a component of store-operated Ca 2ϩ channels, which are physiologically activated by the phospholipase C pathway in mouse MCs. Thus it is possible that, in native MCs, PC2 heteromultimerizes with TRPC1 and TRPC4, and this PC2-TRPC1-TRPC4 complex mediates agonist (such as ANG II)-induced ionic responses. We inferred that PC2 might be a critical component or even a pore-forming subunit in this complex because ANG II-induced channel activation was nearly abolished not only by knock down of pkd2 (Fig. 3, A and B) but also by dominant-negative pkd2 mutant (Fig. 4B) . It has been reported that pkd2-D511V is a pathogenic mutant (39) that loses its channel function but maintains the interaction domains of PC2 (47) .
González-Perrett et al. (7) reported that the PC2 channel displays multiple single-channel subconductance states in human syncytiotrophoblasts and PC2-overexpressed Sf9 insect cells. However, this property was not seen in the present study. This discrepancy might be simply explained by distinct binding partners for PC2 in different cell types. In MCs, the PC2-dependent channel is composed of PC2, TRPC1, and TRPC4. However, the PC2 channel in other types of cells might have other binding partners that confer differential channel properties.
Another interesting finding from the present study was that ANG II stimulation triggered plasma membrane translocation of PC2 (Fig. 7) and promoted the interaction of PC2 with TRPC1 and TRPC4 (Fig. 6, A and B) . These results suggested an underlying mechanism for ANG II-stimulated membrane currents, i.e., that ANG II triggered migration of intracellular PC2 to the cell surface and that the newly recruited PC2 incorporated with existing TRPC1 and TRPC4 in the plasma membrane to form PC2-TRPC1-TRPC4 channel complexes that mediated ion flow. PC2 trafficking between the intracellular compartments and the cell surface in MCs was also supported by the PC2 distribution, which showed a pattern reminiscent of cargo transport via the tubulovesicular pathway (Fig. 1B) . The mechanism for ANG II-triggered PC2 trafficking is unknown. However, Köttgen et al. (15) recently proposed that PC2 trafficking is regulated by two phosphofurin acidic cluster sorting proteins (PACS-1 and PACS-2). Binding to the two proteins is dependent on the phosphorylation of PC2 by the protein kinase casein kinase 2. Thus ANG II could promote PC2 trafficking by regulation of PC2 phosphorylation. Our group (19) recently found that receptor tyrosine kinase activation can activate membrane PC2 channel by releasing PC2 from a tonic inhibition of membrane-delimited phosphatidylinositol-4,5-bisphosphate. The findings in the present study provide an alternative mechanism for agonist-induced PC2 currents, which is the increase in the number of functional channels through insertion of new PC2 protein into the plasma membrane on activation of G-protein-coupled receptors.
In several previous studies, PC2 was undetectable in glomeruli by immunohistochemistry (1, 5, 22) . However, PC2 was clearly identified in MCs either in primary culture or rat kidney sections in the present study ( Figs. 1 and 2) . The reason for the discrepancy is presently unknown. However, one possibility could be the difference in PC2 antibodies used between the previous studies and ours. In agreement with our findings, glomerular cysts have been reported in animal models of polycystic kidney disease, including PC2-associated ADPKD (32, 44, 45) . In addition, in severe early-onset cases and on the rare occasions that fetal ADPKD kidneys have been examined, glomerular cysts are the major manifestation of disease (25, 35, 38, 49) . Also, glomerular hypertrophy and enlargement appear to be present in human ADPKD kidneys (56) . These clinical and experimental findings support the existence of PC2 protein in glomeruli.
Glomerular MCs are contractile cells that surround the glomerular capillaries of the kidney and regulate glomerular filtration rate by regulating the surface area of the capillaries (24, 43) . Like vascular smooth muscle cells, the contractile function of MCs is controlled by cytosolic Ca 2ϩ concentration. Because the PC2 channel participates in Ca 2ϩ signaling of MCs, this channel might play an important role in the contractile function of MCs that is supported by the present study (Fig.  8) . Our findings may provide a new clue for the pathogenesis of ADPKD. The widely accepted model for cystogenesis in ADPKD is that dysfunction or defects in primary cilia of kidney epithelial cells contribute to the development of renal cysts (51, 55) . The primary cilia physiologically function as a mechanosensor and regulate intracellular Ca 2ϩ signaling of tubular epithelial cells by detecting the rate of urine flow (28, 30, 34, 53) . Published studies have described a link of structural and functional defects of the primary cilia to the progression of ADPKD (29, 33, 55) . However, a change in urinary flow, which will change the stimulus applied to the primary cilium in tubular epithelial cells, might also contribute to the formation of tubular cysts. Indeed, one early symptom of ADPKD is polyuria (6, 52) . High fluid intake increases progression in patients with polycystic kidney disease and promotes renal cyst growth in rats, presumably through an increase in urine volume (9, 11, 13) . Moreover, glomerular hyperfiltration has been suggested to be an early manifestation of ADPKD (2, 54) . Because glomerular filtration is a determinant of urine flow rate and MC tone is an important physiological regulator of glomerular filtration, we can postulate that, at early stages of ADPKD, the contractile function of MCs is impaired due to a defect or dysfunction of PC2-associated Ca 2ϩ signaling. The resulting glomerular hyperfiltration leads to an increase in urine flow rate that applies stronger stimulation to the primary cilia of tubular epithelial cells and consequently promotes tubular cyst formation and growth. 
